Abstract. In the physics department at Concordia College, Moorhead, MN there are three standard experiments in the undergraduate curriculum for which a 350kV Cockroft-Walton ion accelerator is used. These include 1) Rutherford scattering of protons by thin metallic foils, 2) the nuclear reaction of protons with 12 C to produce 13 N + γ and 3) reaction of protons with 7 Li to produce two α particles detected in coincidence. This paper will present typical data from these experiments and describe the fundamental principles and techniques demonstrated in each experiment.
INTRODUCTION
In 1958, Concordia College, Moorhead, MN obtained a 350kV Cockroft-Walton ion accelerator from Iowa State University. In 1962, the accelerator was moved to a new building, at which time the power supply ion source and vacuum systems were upgraded. The facility was originally used to make pioneering measurements in atomic collisions (e.g. Rudd et al [1] ).
Since then, there has been relatively little change to the facility, but several experiments for undergraduates have been developed. We introduce them to basic techniques of beam formation, filtering, focusing and steering, vacuum apparatus, particle and photon detection systems and normalization of data. At the same time, we do real experiments that illustrate how collision physics is used to probe the interactions of particles on the sub-microscopic level. Fundamental principles we illustrate with collision experiments include inference of interaction potentials from differential scattering measurements, conservation of energy and momentum and quantum mechanical tunneling. This paper describes the three experiments that have become standards in our modern physics curriculum.
The accelerator has an ion source consisting of a radio-frequency (RF) discharge source that dissociates the source gas (usually H 2 ) into a plasma containing all possible combinations of its constituents. Positively charged fragments (usually protons and + 2 H ) are extracted, magnetically focused and accelerated over a distance of about one meter by a variable electrostatic field of up to 350kV/m. The particles then encounter an electromagnet that massanalyzes the beam for protons and steers the beam into one of two target areas. These will be discussed in the ensuing sections describing the individual experiments.
RUTHERFORD SCATTERING
The Rutherford scattering of protons from thin metal foils is the first experiment our students perform in the accelerator laboratory. The experiment is done in the laboratory component of their first course in modern physics. This is the third course in the introductory sequence of courses for majors in physics and pre-engineering. Most of the students are sophomore physics majors, with smaller numbers of chemistry and math majors.
It is not practical to use alpha particles as projectiles because the analyzing magnet selects beams according to their charge to momentum ratio. Bare helium nuclei are thus indistinguishable from
which is a ubiquitous fragment of the pumping oils infesting our relatively dirty vacuum system. Of course, the use of protons presents no problem in illustrating the physics as long as the Rutherford formula is developed for arbitrary charges on the projectile and target nuclei. In recent years, we have used a text in which the derivation is not restricted to the historical case of projectiles with Z = 2 [2] .
This experiment is easily done in a three-hour lab period because of the high intensity of projectiles the accelerator delivers. The bulk of the lab time is spent introducing the apparatus. The data are easily acquired in less than an hour. We count the number of protons scattered into several angles between 30° and 150° with respect to the incident beam, and normalize them to the number of projectiles in each run. Incident beam currents are kept at or below about 1.0nA to prevent damage to the foils. Foils on hand include gold, nickel, aluminum and carbon. A typical target thickness is 0.2mg/cm 2 . The detector is 7.1 cm from the collision center and is fronted by a 0.064cm diameter aperture subtending a solid angle 6.3 ¥ 10 -5 sr. Signals are still sufficiently strong that the beam intensity must be decreased for θ = 30° and 45° in order to keep the detector from becoming swamped.
Scattered protons are detected and counted with a surface barrier detector that may be rotated in vacuum about the collision center by a mechanical feed-through. The target foil is mounted on a support that can pivot about an axis perpendicular to the scattering plane and passing through the collision center. The motions of the detector and target foils are independent. Figure 1 is a schematic diagram of the geometry of the beam, target foil and detector. The foil is oriented at 45° with respect to the beam. At scattering angle θ = 90° data are taken with the foil in each of the two orientations shown.
This arrangement is necessary to maintain 'thin target' conditions for the outgoing scattered protons. We frequently observe a discontinuity in the normalized signal at 90° for the two positions of the foil. This is interpreted as a shift in the effective efficiency with which scattered products are detected due to differing fractions of the particles leaving the foil. We correct for the effect by renormalizing the data for θ > 90°. Students are sometimes amused by this application of what looks to them like a fudge factor.
The counting system is very simple. A modest bias is applied to the surface barrier detector (+20V is typical). The signal is amplified twice, first by a preamp and then by a linear spectroscopy amplifier. The amplifier output is sent to a discriminator that blocks pulses less than about 2V in height. This is necessary because the electronics pick up a great deal of noise from the accelerator's RF source. The output of the discriminator is sent to a scaler and the counts are recorded. The amplifier output is also viewed on an oscilloscope.
The beam current must be integrated so that each data point may be normalized to the total number of projectiles. The current to the Faraday cup is monitored by an electrometer that outputs a voltage proportional to the input current (3.0V full scale). This voltage is sent to a voltage-to-frequency converter whose output pulses are counted by another scaler. The two counts are taken over the same period of time. The normalized signal for each angle is just the ratio of the scattered proton count to the beam count. This forces the theory to pass through the measured data point at 30° (although we could choose any one point for the normalization). Figure 2 shows typical results. This experiment is our students' first encounter with the accelerator. The goals of introducing them to the facility, techniques of beam manipulation, normalization of data and inference of interactions occurring on a microscopic scale are routinely met very nicely. One student was sufficiently motivated by this experiment to undertake an ambitious senior thesis project in which he measured absolute Rutherford scattering cross sections for two projectile energies, three target materials and seven different angles [3] .
REACTIONS OF PROTONS WITH 12 C NUCLEI
We actually observe nuclear reactions at subMeV collision energies thanks to a resonance and quantum tunneling. During this exercise, students are asked to defend the claim that we are really observing nuclear interactions. (The short answer is that we observe 2MeV photons only when the beam is on target and the uncertainty principle demands that such large quanta of energy come from very tiny regions of space.) The stated purpose of the lab is to determine the mass of the product 13 N. In a different beam line we have a small target of graphite mounted to an electrically isolated and passively cooled vacuum flange. Just downstream from the target and outside the vacuum system is a NaI(Tl) scintillation detector connected to a photomultiplier tube. The output pulses are amplified and recorded by a pulse-height analyzer. For purposes of analysis, the detected photons are assumed to be moving in the same direction as the incident beam. The MCA is calibrated using gamma ray sources with peaks at known energies. The energy vs. channel number calibration is regressed and the software converts the horizontal axis to photon energy. Figure 3 shows gamma ray spectra for this experiment. A preliminary background scan shows that there are some ambient gammas in the room (naturally occurring 40 K in the concrete walls emits characteristic gammas of energy 1.46MeV).
The second spectrum is taken with the beam on target. Acquisition time is typically at least 30 minutes with as much beam directed on target as we can get (50µA is typical, and the reason the target must be cooled). Two more peaks appear, one at 0.51MeV, which we recognize as the energy associated with electron-positron annihilation, and another at 2.21MeV (in the spectrum presented here). In the final spectrum we see that the annihilation peak persists for a while. This is the product of the 13 N which decays by β + emission with a half-life of about ten minutes. The dramatic low energy cutoff in each spectrum is the effect of a low-level discriminator. The accelerator's RF ion source generates tremendous numbers of low-amplitude noise pulses.
The conclusion is that the 2.2MeV peak is coming from the reaction Students use conservation of mass-energy and linear momentum to deduce the 'unknown' mass of the nitrogen isotope. The data presented here give a result of 13.00578u comparing admirably to the 'accepted' value of 13.00574u.
In their written reports, the students must also present a plot of the Coulomb potential energy of a proton near a carbon nucleus as a function of their separation. They note that the classical distance of closest approach for an incident kinetic energy of 300keV is about 29fm, a distance much too large for the strong nuclear interaction. (Equivalently, the proton would require an incident energy of several MeV for the distance of closest approach to be small enough to engage the strong interaction). Thus, without the phenomenon of quantum tunneling, this reaction could not possibly occur. Students are typically extremely edified by this 'real world' experience supplementing their theoretical classroom studies.
COINCIDENCE COUNTING OF ALPHA PARTICLES
In their advanced lab class, students use the accelerator to study another nuclear reaction:
Again the incident kinetic energy of the protons is 300keV. The product alphas each have about 8.8MeV of kinetic energy in the laboratory frame. Consequently, they fly apart in nearly opposite directions. Since the protons bring a little momentum into the collisions, the products do not separate at precisely 90°. The purpose of the experiment is to measure the deviation and verify conservation of momentum in the collisions.
The experimental arrangement is that shown in fig. 1 with a few modifications. The target substrate is a thin (0.18mg/cm 2 ) aluminum foil placed in the θ ≥ 90° orientation shown in fig. 1 . The moving detector is placed at approximately 90° with respect to the proton direction. An identical detector is fixed in place at -90°. A small resistively heated oven containing LiCl is placed in the vacuum system and oriented and shielded so that when heated, the salt evaporates (mostly) onto the target foil. A few additional layers of thin aluminum foil are placed in front of each detector to stop the copious numbers of Rutherford scattered protons that would otherwise swamp the weak alpha signals.
Signals in this experiment are extremely weak and we never get very good counting statistics. As in the Rutherford scattering experiment, the fragility of the foil necessitates very low beam intensities. Also the target deteriorates (evaporates) with exposure to the beam.
Data acquisition involves measuring the relative number of coincidences recorded by the two detectors as a function of the angle of the moving one. Typical data are shown in fig. 4 below. The coincidence counts in each run are normalized to the total counts in the fixed detector. This procedure is simpler than normalizing to the integrated incident beam current. The measured peak is about a degree lower than the angle predicted theoretically. This discrepancy is no greater than our uncertainty in the actual locations of the detectors. However, an egregious error in particle energies would be needed to account for it. It should be noted that the products emerge from the target in all directions. We have repeated the experiment for other combinations of detector angles and verified conservation of momentum to within the uncertainties in the detector positions.
We can also do qualitative energy analysis in the experiment. The detectors deliver voltage pulses whose heights are proportional to the energy deposited by single particles. A pulse height spectrum reveals several peaks that we can interpret. In particular, we see peaks corresponding to the reaction:
The kinetic energy of the products in this process is only 4.3 MeV (compared to 17.6MeV for 7 Li targets). We expect the energy of the lighter fragment to be greater than that of the more massive one, and we see peaks suggesting that. We are not presently more quantitative with the energy of the fragments because we have only one standard alpha calibration source of known energy. It would be a nice development of this experiment to add a complete energy calibration, carefully assess the energy loss of the alphas in the foils that stop the protons and make a kinematically complete measurement.
SUMMARY
The 350keV Cockroft-Walton accelerator at Concordia College has provided successful standard experiments in the undergraduate curriculum for many years. These experiments illustrate principles and techniques that are important and fundamental. The operation of the accelerator is simple enough for students to master. Faculty at colleges and universities having similar facilities dedicated to research may wish to consider the value of developing an additional beam line and scattering chamber for pedagogical work. 
